I. INTRODUCTION
Polycrystalline ferroelectric materials are widely employed in modern microelectronics. 1 Former experimental investigations of these materials demonstrated that the dielectric response and domain structure of ferroelectric ceramics depend on the grain size. [2] [3] [4] [5] [6] A further reduction of crystallite dimensions down to the nanoscale may lead to the appearance of unusual physical properties as compared to those of conventional polycrystals. Some data on the microstructure and behavior of nanocrystalline powders, ceramics, and thin films of BaTiO 3 , PbTiO 3 , and Pb͑Zr 1−x Ti x ͒O 3 have been already obtained, [7] [8] [9] [10] [11] [12] [13] and the experimental results indicate even the disappearance of ferroelectricity below a critical crystal size.
Specific physical properties of nanocrystalline ferroelectrics may arise from several different reasons. These include the intrinsic size effect on ferroelectricity, [14] [15] [16] the influence of depolarizing field, 17, 18 the surface tension effect, 8 and the surface bond contraction. 19 In ceramic materials, where individual crystallites are surrounded by a ferroelectric medium, the mechanical effect caused by the elastic three-dimensional ͑3D͒ clamping of crystallites may play an important role. Indeed, below some critical grain size, the twinning of crystallites, which strongly reduces internal stresses in coarsegrained ceramics, becomes energetically unfavorable. 5 Owing to the mechanical grain/grain interactions, high mechanical stresses appear in single-domain crystallites below the ferroelectric phase transition, which alter their physical properties. As shown by Buessem et al. , 20 the presence of such stresses may explain the observed strong increase of permittivity in fine-grained BaTiO 3 ceramics. In their classical paper, a simplified model of a tetragonal crystallite under a given constant stress was used to calculate the dielectric response. 20 For the correct theoretical description of ferroelectricity in elastically clamped crystallites, the mechanical boundary conditions existing on the grain boundaries must be properly taken into account. Since clamped crystallites in dense ceramics are neither under a constant stress nor under a constant strain, a specific thermodynamic potential must be introduced to describe the effect of the elastic 3D clamping on homogeneously polarized ferroelectric crystallites. 21, 22 The minimization of this potential G makes it possible to determine the equilibrium thermodynamic state of a crystallite embedded in a homogeneous linear medium with given elastic stiffnesses. In the case of ceramics, however, these stiffnesses must be regarded as unknown quantities because they represent the aggregate material properties on the macroscopic level. Therefore, the determination of the phase states and physical properties of ferroelectric ceramics calls for the use of a self-consistent scheme.
Up to now, this scheme, also called the effective medium approach, has been applied only to the calculations of aggregate material constants, which were performed in the linear approximation. [23] [24] [25] [26] [27] [28] [29] [30] In the present paper, we combine the method of effective medium with the nonlinear thermodynamic theory of ferroelectrics [31] [32] [33] to calculate the actual polarization states and material constants of BaTiO 3 and Pb͑Zr 1−x Ti x ͒O 3 ceramics with single-domain grains. Since this nonlinear approach takes into account the polarization changes caused by the elastic 3D clamping of crystallites, it enables the correct determination of the physical properties of ferroelectric ceramics.
In Sec. II, a general expression is derived for the thermodynamic potential G of a spherical ferroelectric crystallite ͑inclusion͒ clamped by a linear elastic medium ͑matrix͒. In contrast to the previous treatment of the problem, 22 we allow for the presence of inelastic ͑spontaneous͒ strains in the matrix. The influence of external mechanical and electric fields on the thermodynamic state of a ferroelectric inclusion is considered in Sec. III. An iterative procedure is also described here, which makes it possible to calculate the aggregate material constants of nanocrystalline ferroelectric ceramics. The results of our numerical calculations performed for unpolarized BaTiO 3 and Pb͑Zr 1−x Ti x ͒O 3 ceramics are reported in Sec. IV. We describe the stability ranges of various phase states in these ceramics and their dielectric properties and compare our theoretical predictions with available experimental data. Finally, main conclusions of this study are formulated in Sec. V.
II. DETERMINATION OF EQUILIBRIUM POLARIZATION STATE OF A FERROELECTRIC INCLUSION
We start with the development of a thermodynamic formalism that enables us to determine the equilibrium phase state of a single-domain ferroelectric crystallite ͑inclusion͒ embedded into a linear elastic medium ͑matrix͒. Owing to the finite conductivity of perovskite ferroelectrics, in this section we neglect the influence of internal electric fields caused by the presence of electric polarization P inside the inclusion. For simplicity, we shall assume the inclusion to have a spherical shape and the matrix to be homogeneous, nonpiezoelectric, and isotropic ͑this approximation is sufficient for the modeling of unpolarized bulk ceramics͒. In contrast to the previous treatment of the problem, 22 the matrix is allowed to possess uniform inelastic strains S ij 0m ͑i , j =1,2,3͒. When S ij 0m = 0 and the crystallite is in a paraelectric phase, the inclusion/matrix system is taken to be free of internal mechanical stresses ij .
The stable thermodynamic states of an elastically clamped ferroelectric crystallite correspond to the minima of the modified thermodynamic potential G introduced in Ref. 22 . Generalizing the basic relation for G derived in Ref. 22 , we obtain the following formula:
where F, S ij , and ij are the ͑homogeneous͒ Helmholtz freeenergy density, total strain, and stress inside the ferroelectric inclusion, respectively. For our purposes, it is convenient to replace F in Eq. ͑1͒ by the Gibbs free-energy density G via the inverse Legendre transformation F = G + S ij ij . Therefore, the modified thermodynamic potential may be written as
Using an explicit expression for the Gibbs energy G of a ferroelectric given in Ref. 34 , we derive
͑3͒
where s ijkl P are the elastic compliances at constant polarization, Q ijkl are the electrostrictive constants in full polarization notation, and G 0 ͑P i ͒ is the polynomial in terms of polarization components P i inside the inclusion. In the P 6 approximation, which is necessary to describe ferroelectrics with the first-order phase transition, G 0 ͑P i ͒ has the form
where ␣ 1 , ␣ ij , and ␣ ijk are the dielectric stiffness and higherorder stiffness coefficients at constant stress. To find the equilibrium thermodynamic state of a ferroelectric inclusion, we should express the potential G solely in terms of the polarization components P i . Mechanical stresses ij can be excluded from Eq. ͑3͒ using the nonlinear equation of state of a ferroelectric crystal
which may be obtained by differentiating the Helmholtz free energy ͑c ijkl P are the elastic stiffnesses of the ferroelectric inclusion at constant polarization͒. In turn, relationships between strains S kl and polarization components P i should be found from the condition of mechanical equilibrium of the inclusion/matrix system. This problem can be solved by the generalization of Eshelby's equivalent inclusion technique. 30, 35 Using this formalism and performing the algebraic manipulations similar to those described in Ref. 22 Here c mnpq * are the elastic stiffnesses of the matrix, B ͑kl͒mn = ͑1/2͒͑B klmn + B lkmn ͒, and B klmn is the basic matrix of a homogeneous inclusion/matrix system given by
where the integration is carried out over the surface ⍀ of the unit sphere, z i are the components of the unit vector z, and ͑zz͒ lm −1 is the inverse of the real symmetric ͑3 ϫ 3͒ matrix ͑zz͒ kl = z i c ilkj * z j . The tensor s uvij depends only on the elastic constants c ijkl * and c ijkl P , being defined by the system of equations ͑␦ kl is the Kronecker delta͒
͑8͒
It should be noted that Eq. ͑6͒ for the inclusion strains S kl differs from the corresponding formula derived in Ref. 22 by the presence of two additional terms depending on the matrix inelastic strains S kl 0m .
Substituting Eqs. ͑5͒ and ͑6͒ into Eq. ͑3͒, after some algebraic manipulation, we find the thermodynamic potential G as a function of the polarization components P i only. The result may be written as Expressions ͑9͒ and ͑10͒ enable us to find the stable polarization state of a ferroelectric inclusion via the minimization of the potential G with respect to three variables, P 1 , P 2 , and P 3 . If several local minima exist, the equilibrium state of inclusion/matrix system corresponds to the deepest minimum of G .
III. SELF-CONSISTENT CALCULATION OF EFFECTIVE MATERIAL CONSTANTS
To calculate material constants of a ferroelectric ceramic, we employ the method of effective medium [23] [24] [25] [26] [27] [28] [29] [30] together with an iterative procedure. This approach deals with the model material system, which involves a single representative ferroelectric crystallite ͑inclusion͒ surrounded by a homogeneous elastic medium ͑matrix͒. On each iteration, certain elastic stiffnesses c ijkl * , dielectric constants ij * , and inelastic ͑spontaneous͒ strains S ij 0m are assigned to the matrix. In the absence of applied electric and mechanical fields, the polarization state of a spherical single-domain inclusion, defined by the equilibrium polarization components P i g , can be found as described in Sec. II. The substitution of P i g into Eq. ͑6͒ enables us to calculate the total strains S kl g inside the inclusion. Mechanical stresses kl g existing in the inclusion can be computed then by substituting P i g and S kl g into Eq. ͑5͒. It should be recalled that we assumed the internal electric field to be zero in equilibrium ͑E g =0͒ because the polarization charges are expected to be largely compensated by free charges due to the finite conductivity of ferroelectric ceramics. In what follows, however, the material system is treated as a perfect insulator since the charge carriers remain practically immobile during the dielectric measurements.
Suppose now that the inhomogeneous inclusion/matrix system under consideration is subjected to a uniform strain field S mn a and electric field E n a at large distances from the ferroelectric inclusion V. These external fields alter the polarization components, total strain, and stress inside the inclusion, which may be written as P i = P i g + ⌬P i , S mn = S mn g + ⌬S mn , and ij = ij g + ⌬ ij . An electric field E n = E n g + ⌬E n = ⌬E n also appears in the inclusion, being different from E n a . Since P i , S mn , and ij remain uniform inside V, 36, 37 we can use Eshelby's equivalent inclusion technique 30, 35 to calculate the perturbations ⌬P i , ⌬S mn , ⌬ ij and the field ⌬E n .
To solve the problem, we introduce another material system, where the ferroelectric inclusion is replaced by a sphere V * having linear elastic and dielectric properties and exactly the same material constants c ijkl * and ij * as the surrounding matrix. This "homogeneous" inclusion V * is assumed to undergo a uniform transformation ͑inelastic͒ strain S kl 0x and acquire a uniform permanent polarization P i 0x in the absence of mechanical stresses and depolarization fields. Since the medium is linear everywhere, the total strain ⌬S mn * and electric field ⌬E n * inside the transformed sphere V * are given by the relations 30 ⌬S mn
where B n44i is the matrix defined by an expression, which differs from Eq. ͑7͒ by the replacement of ͑zz͒ lm −1 by ͑zz͒ 44 −1
with ͑zz͒ 44 =−z i ik * z k . For the stress ⌬ ij * and polarization ⌬P n * existing in the inclusion V * , we have ͑ 0 is the permittivity of the vacuum͒
To ensure the equivalence of the introduced inclusion to the perturbation of the actual one, the following relationships must hold:
At the same time, the strain perturbation ⌬S mn and the electric field ⌬E n in the ferroelectric inclusion may be expressed in terms of the derivatives of the Gibbs energy G as
Using the equivalence conditions ͑15͒ and ͑16͒, we can substitute ⌬ ij * for ⌬ ij and ⌬P n * for ⌬P n in the right-hand sides of Eqs. ͑19͒ and ͑20͒. Then, in accordance with the equivalence relations ͑17͒ and ͑18͒, the right-hand sides of Eqs. ͑11͒ and ͑12͒ may be equated with the right-hand sides of Eqs. ͑19͒ and ͑20͒, respectively. This procedure yields
Excluding the stress ⌬ kl * and polarization ⌬P i * from Eqs. ͑23͒ and ͑24͒ with the aid of Eqs. ͑13͒ and ͑14͒, we finally obtain
Since the derivatives of the Gibbs free energy G can be found in an explicit form by differentiating the well-known expression for G, 34 the relations ͑25͒ and ͑26͒ at given values of S mn a , E n a , S mn g , and P i g constitute a system of nine simultaneous equations in nine unknowns, S uv 0x and P i 0x . This system can be solved numerically, thus enabling us to calculate S uv 0x , P i 0x and then ⌬S mn * , ⌬E n * , ⌬ ij * , and ⌬P n * from Eqs. ͑11͒-͑14͒. Accordingly, the sought perturbations ⌬P i , ⌬S mn , ⌬ ij , and ⌬E n of the inclusion state, which are induced by the applied strain S mn a and electric field E n a , can be determined by means of numerical calculations.
This result enables us to proceed to the calculation of the effective elastic and dielectric constants of a ferroelectric ceramic. To that end, we introduce two Cartesian coordinate systems: the sample ͑ceramic͒ system ͑x , y , z͒ associated with the matrix and the crystallographic coordinate system ͑xЈ , yЈ , zЈ͒ of the crystallite ͑inclusion͒ in the paraelectric state. Orientation of the crystallographic system ͑xЈ , yЈ , zЈ͒ relative to the ceramic reference frame ͑x , y , z͒ may be defined by the Euler angles , , and . While the effective medium is isotropic and nonpiezoelectric in our case, each individual ferroelectric crystallite is anisotropic. Therefore, the stress perturbation ⌬ ij and electric induction ⌬D n = ⌬P n + 0 ⌬E n , which are induced in a representative crystallite by the external strain S mn a and electric field E n a set in the sample frame ͑x , y , z͒, depend on the spatial orientation ͑ , , ͒ of its crystal lattice. In an untextured ceramic, all lattice orientations of crystallites in the paraelectric state are equally probable. For the normalized distribution function f͑ , , ͒ of the Euler angles, in this situation we have f͑ , , ͒ =1/͑8 2 ͒. Hence the average values ͗S mn g ͘, ͗⌬ ij ͘, and ͗⌬D n ͘ of the total strains S mn g ͑ , , ͒, stresses ⌬ ij ͑ , , ͒, and electric induction ⌬D n ͑ , , ͒ in an ensemble of crystallites can be found in the ceramic reference frame as
Calculating numerically the dependences of ͗⌬ ij ͘ and ͗⌬D n ͘ on the applied fields S mn a and E n a , we can evaluate the macroscopic material constants of the aggregate of crystallites as
To make the solution of the problem self-consistent, these constants must coincide with the matrix constants c ijkl * and ij * , and the average spontaneous strain ͗S mn g ͘ must be equal to the matrix spontaneous strain S mn 0m . From the mathematical point of view, the introduction of these conditions is equivalent to the addition of several new equations to the system ͑25͒ and ͑26͒, with the corresponding increase of the number of variables.
Since the resulting system of nonlinear equations is transcendental and so cannot be solved analytically, we propose the following iterative procedure to obtain the solution numerically:
͑i͒
Consider first a mechanically free ferroelectric crystallite in a single-domain state. Using the Gibbs freeenergy function G of a ferroelectric, calculate the equilibrium polarization components P i Ј , spontaneous 
IV. NUMERICAL RESULTS FOR NANOCRYSTALLINE
Pb"Zr 1−X Ti X …O 3 AND BaTiO 3 
CERAMICS
We performed numerical calculations necessary to determine the actual phase states and dielectric properties of two ferroelectric ceramics-lead zirconate titanate Pb͑Zr 1−x Ti x ͒O 3 ͑PZT͒ and barium titanate BaTiO 3 ͑BT͒. The grains of these ceramics were assumed to be in a singledomain state, which is typical of small-size crystallites. The critical grain size g * in a ferroelectric polycrystal, below which the single-domain state is energetically favored over polydomain ones, can be evaluated from the comparison of the elastic energy reduction due to the formation of non-180°d omain walls and the self-energy of these walls. In Ref. 22 , it was shown that g * Ϸ 4 2 ͑1−͒␥ / S 0 2 , where and are the effective shear modulus and Poisson's ratio of a polycrystalline material, S 0 is the characteristic spontaneous strain of a ferroelectric, and ␥ is the self-energy per unit area of a domain wall. For PbTiO 3 ceramics, the critical grain size g * was estimated to be about 50 nm. 22 In the case of PZT, the critical size g * is expected to be of the same order of magnitude. A larger value of g * Ϸ 300 nm has been obtained for BT, using the numerical values of , , and S 0 given in literature 38, 39 and analyzing the experimental data. 40 The above results show that grains in nanocrystalline PZT and BT ceramics must be mostly free of non-180°domain walls.
For PZT solid solutions, the calculations were carried out using the dielectric stiffnesses ␣ 1 , ␣ ij , and ␣ ijk at constant stress and the electrostrictive constants Q ijkl taken from Ref. 33 and the elastic compliances s ijkl P at constant polarization given in Ref. 41 . ͑All these parameters were assumed to be independent of temperature, 33, 41 except for the dielectric stiffness ␣ 1 which was given a linear temperature dependence based on the Curie-Weiss law.͒ To describe the effect of composition on the properties of PZT ceramics, these material constants were calculated as continuous functions of the Ti content x from the available discrete sets 33, 41 by means of spline interpolation. The theoretical analysis was restricted by compositions x ജ 0.4 and temperatures above T =0°C to ensure good accuracy of the approximation ͑4͒ used for the Gibbs function G 0 ͑P i ͒. Figure 1 shows the phase diagram of nanocrystalline PZT ceramics that results from our numerical calculations. Depending on the Ti content and temperature, the crystallites in these ceramics were found to stabilize either in a tetragonal or in a rhombohedral phase, which corresponds to the crystal structures of conventional PZT ceramics. 42 However, there is a drastic difference from the behavior of polycrystals with twinned grains. Indeed, in a wide range of compositions and temperatures, tetragonal crystallites coexist with the rhombohedral ones in a nanocrystalline ceramic with the given Zr/ Ti ratio. This remarkable theoretical result was obtained somewhat unexpectedly during the numerical calculations. It was initially found that the procedure described in Sec. III does not give any self-consistent solution of the problem in some region of the ͑x , T͒ plane. In order to overcome this difficulty, we supposed that a mixture of tetragonal and rhombohedral crystallites may represent the energetically most favorable phase state of a nanocrystalline ceramic in this region.
41
To check this supposition, we modified the aforementioned procedure by introducing two inclusion/matrix systems, which differ by the phase state of a ferroelectric inclusion ͑phase I and phase II͒ embedded into the same matrix. The polarization components P i gI and P i gII and total strains S mn gI and S mn gII in these inclusions can be evaluated by finding the minima G I and G II ͑absolute and relative͒ of the modified thermodynamic potential G given by Eq. ͑9͒. On each iteration, the energetically most favorable aggregate state is determined via the minimization of the mean thermodynamic potential
with respect to the volume fraction q of phase I in a polycrystal. The mean values ͗S mn g ͘, ͗⌬ ij ͘, and ͗⌬D n ͘ of the total strain and the field-induced stress and induction changes in a mixture of crystallites are calculated as
where q * is the optimum volume fraction of phase I, and ͗S mn gI ͘, ͗⌬ ij I ͘, and ͗⌬D n I ͘ and ͗S mn gII ͘, ͗⌬ ij II ͘, and ͗⌬D n II ͘ are computed via Eqs. ͑27͒-͑29͒ for the inclusions with the phase states I and II, respectively. The small-signal aggregate material constants ͗c ijmn ͘ and ͗ in ͘ can be evaluated as explained in procedure ͑v͒ above and then used to find the ceramic elastic and dielectric constants with the aid of an iterative procedure described in procedure ͑vi͒.
Our numerical calculations confirmed that the mixture of tetragonal and rhombohedral crystallites represents the most favorable state of nanocrystalline PZT ceramics in a large section of the phase diagram ͑Fig. 1͒. This region of phase coexistence, R r+t , may be regarded as a substitute for the morphotropic phase boundary ͑MPB͒ existing in conventional PZT. 42 However, the left boundary of R r+t is significantly shifted from the MPB to larger Ti contents x ͑by ⌬x = 10% -15%; see Fig. 1͒ . The right boundary is situated at temperatures larger than 200°C so that even at x = 100% the rhombohedral phase should exist at room temperature in some grains of a nanocrystalline ceramic. We recall that, in conventional form, PbTiO 3 remains tetragonal at any temperature below the ferroelectric transition. 34 Strong enlargement of the rhombohedral field in the phase diagram of nanocrystalline PZT ceramics is evidently caused by the lack of stress relaxation via the twinning. The mechanical stresses, arising in crystallites due to elastic clamping by the surrounding material, favor the formation of rhombohedral phase. In addition, when the twinning is not allowed, the mixing of tetragonal and rhombohedral crystallites represents an effective channel for the stress relaxation. It should be noted that the coexistence of tetragonal and rhombohedral phases was experimentally observed in epitaxial PZT thin films. 43 The calculations also demonstrated that the paraelectricto-ferroelectric phase transition in nanocrystalline PZT ceramics is always of the second order, irrespective of the Zr/ Ti ratio. This is different from the behavior of conventional PZT, where the first-order phase transition takes place at x ജ 80%. 33 The order of ferroelectric phase transition changes due to the three-dimensional elastic clamping of single-domain crystallites in a nanocrystalline ceramic. The analysis shows that this clamping renormalizes the fourthorder polarization term in the thermodynamic potential. 22 At x ജ 80%, the renormalization changes the sign of the fourthorder coefficient ␣ 11 from negative 33 to positive. In addition to the phase diagram, we calculated numerically the macroscopic dielectric response nc of an unpolarized nanocrystalline PZT ceramic as a function of composition and temperature. Figure 2 shows the dependence of small-signal permittivity nc on the Ti content at room temperature. It can be seen that the permittivity varies nonmonotonically with the composition of solid solution, reaching its maximum value of nc Ϸ 640 at the Ti content x Ϸ 98.5%. However, there is no dielectric anomaly at the boundary between the rhombohedral field and the region of phase coexistence R r+t in the stability diagram.
For the better understanding of the above results, we also calculated the theoretical dielectric responses of individual PZT crystallites. Assuming that the crystallite is free of internal stresses and domain walls, we found the permittivities ʈ and Ќ in the directions parallel and perpendicular to the spontaneous polarization to vary with the Ti content as shown in Fig. 2 . Although the transverse dielectric response Ќ increases drastically near the MPB, the permittivity nc of nanocrystalline PZT remains moderate in this range of compositions, showing only a weak broad maximum around x = 50%. On the other hand, nc appears to be about three times higher than the single-crystal responses ʈ and Ќ at x ജ 75%. This result demonstrates that the elastic clamping may strongly increase the intrinsic dielectric response of a ferroelectric crystallite.
For nanocrystalline BT ceramics, numerical calculations were performed using the dielectric stiffnesses ␣ 1 , ␣ ij , and ␣ ijk , electrostrictive constants Q ijkl , and elastic compliances s ijkl P listed in Ref. 44 . ͑The stiffnesses ␣ 1 , ␣ 11 , and ␣ 111 of BT linearly depend on temperature. 44 ͒ Depending on tempera- ture, the clamped single-domain ferroelectric crystallites were found to stabilize in the rhombohedral, orthorhombic, or tetragonal state. The low-temperature rhombohedral phase represents the energetically most favorable state up to 19°C in contrast to the stress-free single crystal, where this phase is stable only below −71°C. 32 Moreover, at temperatures ranging from 19 to 55°C, the nanocrystalline BT ceramic contains a mixture of rhombohedral and orthorhombic crystallites. The volume fraction of rhombohedral phase gradually decreases with increasing temperature in this range, whereas the fraction of orthorhombic crystallites increases accordingly ͑see Fig. 3͒ . Just above T Ϸ 55°C, the structure of nanocrystalline ceramic transforms into the mixture of orthorhombic and tetragonal crystallites. Unfortunately, at temperatures above 60°C, it becomes impossible to find a self-consistent solution for the ceramic properties with the aid of our iterative procedure. Nevertheless, the above results clearly demonstrate that, in the most important temperature range around 20°C, the phase state of a nanocrystalline BT ceramic differs drastically from that of a single crystal, where the tetragonal phase is stable above 10°C. 32 Our theoretical predictions may be compared with the experimental data obtained for nanocrystalline BT ceramics by Frey and Payne.
11 Using high-resolution scanning electron microscopy, these authors found that BT ceramics with the grain size g ഛ 100 nm are free of non-180°domains ͑twins͒, whereas at g = 400 nm some grains are twinned. These observations support our theoretical estimate g * Ϸ 300 nm of the critical grain size in BT polycrystals. The x-ray diffraction ͑XRD͒ investigations, which were based on the examination of the ͕200͖ pseudocubic reflections, showed the absence of tetragonal lattice distortions in ceramics with grain sizes below 100 nm. The Raman-scattering data, however, indicated the existence of orthorhombic structure in these ceramics at room temperature rather than the cubic one, which agrees with one of our predictions. The presence of additional rhombohedral crystallites here also cannot be ruled out because the formation of the rhombohedral phase does not lead to the splitting of the ͕200͖ reflections. 45 For the macroscopic dielectric response of unpolarized nanocrystalline BT ceramics, we obtained the results presented in Fig. 4 . In contrast to the dielectric behavior of BT single crystals, 32 the permittivity varies monotonically with increasing temperature. Since the grain boundaries are known to reduce the measured permittivity of BT ceramics, [46] [47] [48] [49] we estimated the grain-boundary effect on the dielectric response in addition to its temperature dependence. Assuming that grain boundaries have a low permittivity d and an effective thickness d, the aggregate macroscopic response nc d of a polycrystal can be evaluated as
where nc is the permittivity of a perfect nanocrystalline ceramic having d = 0. Equation ͑36͒ is based on the relation derived in Ref. 49 and on the assumption that the average permittivity of the grain interior may be approximated by nc . Calculating the temperature dependence of nc numerically and using the values d = 100 and d = 0.7 nm given in Ref. 49 , we obtained the set of curves plotted in Fig. 4 comes about two times smaller than the "perfect" permittivity nc .
Our theoretical results may be compared with the measured dielectric properties of nanocrystalline BT ceramics. 47, 48 At the minimum studied grain size g = 40 nm, the room-temperature dielectric response was found to be about 900. 47 The corresponding theoretical value of nc d Ϸ 1300 is in reasonable agreement with the measured permittivity. The predicted grain-size dependence of the dielectric response shows the same trend as the observed one ͑see Fig. 5͒ , but the difference between the theoretical and experimental values becomes larger with increasing grain size. There are several possible reasons which may explain why the theory underestimates the ceramic permittivity. We believe that the inhomogeneity of internal stresses inside real grains of irregular shape, which was neglected in our model, may result in a higher measured dielectric response.
V. CONCLUSIONS
͑1͒ In nanocrystalline ferroelectric ceramics, the equilibrium phase states of elastically clamped crystallites may differ drastically from those of single crystals and coarsegrained materials. This is due to the lack of stress relaxation via domain formation ͑twinning͒, which becomes energetically unfavorable below some critical grain size. ͑2͒ The phase diagram of nanocrystalline Pb͑Zr 1−x Ti x ͒O 3 ceramics is distinguished by the presence of a wide range of compositions and temperatures, where a mixture of rhombohedral and tetragonal crystallites represents the energetically most favorable thermodynamic state. This region of phase coexistence substitutes the morphotropic phase boundary characteristic of conventional Pb͑Zr 1−x Ti x ͒O 3 ceramics. ͑3͒ In nanocrystalline BaTiO 3 ceramics, the stability range of the low-temperature rhombohedral phase extends up to about 19°C. Above this temperature, ceramics contain a mixture of rhombohedral and orthorhombic crystallites, which transforms into a mixture of orthorhombic and tetragonal crystallites at about 55°C. ͑4͒ The dielectric properties of nanocrystalline ferroelectric ceramics may differ markedly from those of conventional materials owing to the elastic clamping of singledomain crystallites. In the case of Pb͑Zr 1−x Ti x ͒O 3 ceramics with x ജ 0.75, the mechanical grain/grain interaction strongly increases the intrinsic dielectric response of ferroelectric crystallites.
